Experimental and numerical FSI study of compliant hydrofoils by AUGIER, Benoit et al.
Science Arts & Métiers (SAM)
is an open access repository that collects the work of Arts et Métiers ParisTech
researchers and makes it freely available over the web where possible.
This is an author-deposited version published in: https://sam.ensam.eu
Handle ID: .http://hdl.handle.net/10985/10164
To cite this version :
Benoit AUGIER, Jinhui YAN, Artem KOROBENKO, Jim CZARNOWSKI, Greg KETTERMAN, Yuri
BAZILEVS - Experimental and numerical FSI study of compliant hydrofoils - Computational
Mechanics - Vol. 55, n°6, p.1079-1090 - 2014
Any correspondence concerning this service should be sent to the repository
Administrator : archiveouverte@ensam.eu
Comput Mech
DOI 10.1007/s00466-014-1090-5
ORIGINAL PAPER
Experimental and numerical FSI study of compliant hydrofoils
B. Augier · J. Yan · A. Korobenko · J. Czarnowski ·
G. Ketterman · Y. Bazilevs
Received: 27 September 2014 / Accepted: 16 October 2014
© Springer-Verlag Berlin Heidelberg 2014
Abstract A propulsion system based on tandem hydrofoils
is studied experimentally and numerically. An experimen-
tal measurement system is developed to extract hydrody-
namic loads on the foils and capture their twisting defor-
mation during operation. The measured data allowed us to
assess the efficiency of the propulsion system as a function
of travel speed and stroke frequency. The numerical simula-
tion of the propulsion system is also presented and involves
3D, full-scale fluid–structure interaction (FSI) computation
of a single (forward) foil. The foil is modeled as a com-
bination of the isogeometric rotation-free Kirchhoff–Love
shell and bending-stabilized cable, while the hydrodynamics
makes use of the finite-element-based arbitrary Lagrangian–
Eulerian variational multiscale formulation. The large added
mass is handled through a quasi-direct FSI coupling tech-
nique. The measurement data collected is used in the val-
idation of the FSI simulation, and excellent agreement is
achieved between the predicted and measured hydrodynamic
loads and foil twisting motion.
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1 Introduction
It is now well understood that the details of the structural
geometry and motions (e.g., the shape of insect wings and
their flapping patterns) have a significant effect on the dynam-
ics of the surrounding flow, and the lift and thrust perfor-
mance of a propulsive system [20]. As a result, in order to
have a well designed propulsive system, geometry, materi-
als, and motion actuation techniques need to be carefully
selected. Many designs make use the so-called ‘bioinspired’
or ‘biomimetic’ concept, which is based on the assumption
that insects, birds, or fish, over the span of their evolution,
have developed the wing shape, structure, and motion that
lead to optimized propulsion in aerodynamic or hydrody-
namic environments (see, e.g., [23,40,45,49,50,53,57,58]).
Recent examples that use bioispired design concepts may be
found in [53,59,74] for Micro Aerial Vehicles and in [22,37]
for optimized placement of Vertical-Axis Wind Turbines in
arrays.
In the present paper we undertake a combined experimen-
tal and computational fluid–structure interaction (FSI) inves-
tigation of a bioinspired propulsion system that makes use
of tandem compliant hydrofoils. There is an extensive liter-
ature on experimental thrust generation studies for pitching,
heaving, and combined motions of individual foils (see, e.g.,
[36,39,48]). In [20] the authors have examined the effects
of both the foil morphology and motion on thrust genera-
tion and propulsion efficiency. In these studies the foils were
either rigid or had significantly reduced complexity of the
geometry and structural design. A tandem propulsion config-
uration was studied experimentally in [90,91] for the flight
of a dragon fly, focusing on details of aerodynamics, flight
efficiency, and interaction of the forward and hind wing of
the insect. Recent work on the locust flight in [53,57,58]
and MAV flight with locust wings in [53,59,74] produced
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state-of-the-art moving-domain simulations that were able to
capture in detail and with excellent accuracy the underlying
aerodynamics phenomena, including the interaction of the
locust forward and hind wings. In the present work, although
the tandem foil configuration is employed, we focus on the
measurements and prediction, using FSI, of hydrodynamic
loads and deformations for a single (forward) foil. However,
we do so in 3D, at full scale, under actual operating condi-
tions, and considering full complexity of the foil structural
design and the underlying hydrodynamics phenomena.
Several challenges are present in hydrofoil FSI: a. The
flow Reynolds number is high resulting in wall-bounded
turbulent flow with thin boundary layers that need appro-
priate numerical treatment by means of boundary-layer
meshing and weakly-enforced essential boundary conditions
[11,14,15,25]; b. The relative mass of the foils is small
leading to high added mass in the coupled FSI problem
that, in turn, requires a so-called quasi-direct solution tech-
nique [81–83,85] to achieve convergence of the solution of
the coupled equation system; c. The foils are quite flex-
ible and undergo large motions and deformations during
operation, which requires an accurate and robust structural
mechanics formulation [34,35,38,47] and mesh handling
techniques [32,51,78–81]. These challenges are similar to
those involved in other categories of FSI problems [16], such
as the spacecraft aerodynamics [61], FSI modeling of space-
craft parachutes [60,64,67,69,70,73,77], sails [1,2,84], car-
diovascular fluid mechanics and FSI [5,9,10,27,42,52,53,
55,63,65,71,72,76], and pulsatile ventricular assist devices
[41,43,44], and are addressed in this paper in order to carry
out the hydrofoil FSI simulations.
The paper is comprised of the following parts. In Sect. 2
we describe the propulsion system studied, and the experi-
mental measurement system and techniques devised for this
purpose. We then present unsteady hydrodynamic load and
foil deformation measurements, and quantify the propulsion
system efficiency for different travel speeds. In Sect. 3 we
briefly describe the numerical methods employed, construct
and validate the structural model of the foil, and present an
FSI simulation focusing on the comparison between the pre-
dicted and measured foil load and deformation data. In Sect. 4
we draw conclusions.
2 Experimental investigation of the propulsion system
In this section we describe the inner workings of the propul-
sion system analyzed, which is the Mirage Drive designed
and built by Hobie Cat Co. We then provide some details
on the measurement system devised to study hydrodynamic
loading on the foils and their twisting deformation. The
dynamic loading measurements obtained are presented next,
and, using this data, propulsive efficiency of the Mirage
γ
Fig. 1 Mirage Drive propulsion system
Fig. 2 Instrumented kayak equipped with the Mirage Drive
Drive as a function of travel speed and stroke frequency is
assessed.
2.1 Mirage Drive propulsion system
The Mirage Drive is a human-powered propulsion system
that transforms pedaling motion of a driver into transverse
sweeping motion of two underwater foils (see Fig. 1 for
a depiction of the Mirage Drive propulsion system). The
propulsion system is typically installed on surface vessels
used for recreational water-sports activities, such as kayak-
ing. The system is installed by inserting it through the boat
hull such that the foils protrude beneath the hull, and the ped-
als are accessible to the driver atop the boat (see Fig. 2). The
foils are placed in a tandem configuration and sweep through
an angle of 196◦.
As the driver pedals, the foils move under water. The peri-
odic motion of each foil is dominated by rigid-body rotation
induced by that of the main steel shaft (or mast) located at the
foil’s leading edge. The rigid body rotation takes place along
the axis aligned with the direction of travel of the vessel. The
compliant nature of the foils also results in significant twist-
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Fig. 3 Illustration of the apparent flow angle α and twist angle β. In
the absence of twisting β = 0
ing and somewhat less pronounced bending motion of the
foil’s axial cross-sections. It is precisely this additional elas-
tic deformation of the foils that generates the necessary thrust
force that propels the vessel forward. The foil motion and its
compliant nature bring about space- and time-dependent vari-
ation of the apparent flow angle α and twist angle β (see Fig. 3
for an illustration). In the absence of twisting (i.e., β = 0)
no thrust can be generated, while very large values of β may
lead to excessive drag. As a result, it is desirable to design the
foil geometry and materials (i.e., stiffness) such that, when
the foil is loaded with hydrodynamic forces, the fraction of
the pedaling effort that goes into the resulting thrust force
is maximized. However, even before such optimization stud-
ies are performed, it is important to devise an experimental
apparatus, coupled to an advanced FSI model of the propul-
sion system to understand its behavior in typical operating
conditions.
2.2 Measurement system
Full-scale measurements are performed on a Outback kayak
(see Fig. 2) also built by the Hobie Cat Co. The Outback is a
3.80 m, 40 kg fully rigged kayak made of rotomolded Poly-
ethylene with the Mirage Drive propulsion system installed.
The kayak and propulsion system are equipped with dedi-
cated instrumentation, and the following measurements are
performed:
– Moments in the x- and z-direction created by the hydro-
dynamic forces, denoted by Mx and Mz , respectively,
γ
γ
Fig. 4 Positioning of the gauges and coordinate system employed
are measured using two 120 ohm gauges (HBM LY11-
3/120) mounted in a Wheastone bridge configuration.
The mast insert is replaced by a stainless steel square
bar. The gauges are placed on the square bar, and the
bar is welded on the shaft, drilled, and threaded to screw
in the mast. We refer to this setup as the hydrodynamic
balance. Figure 4 illustrates the position of the gauges
on each face of the square bar, as well as the coordinate
frames used in the study. We assume that the y- and z-
axes rotate with the mast, and the x-axis is coincident
with the kayak direction of travel (see Fig. 2). Note that
Mz is generated by the thrust force, while Mx arises due
to the lateral forces acting on the foil. As a result, a good
foil design may be characterized as having a larger Mz-to-
My ratio. Also note that different masts can be attached
to the stainless steel bar, which facilitates testing many
different designs using the same hydrodynamic balance
system.
– The bracket of the left pedal is instrumented in order to
measure the time-dependent force applied by the driver.
The load sensors are connected to a dedicated gauge ana-
log amplifier and conditioner Expresso from HBM. The
position of the pedal is measured by a linear transducer
attached from the inside of the cockpit to the right bracket.
The linear transducer is linked to a Dataq 430 AD con-
verter.
– The kayak speed is measured by a trough-the-hull
speedometer installed on the kayak. The speed signal is
recorded via a dedicated NMEA frame converter. Kayak
speed is also recorded using a separate GPS device.
– A video camera is installed under the hull of the boat in
order to capture the motion of the forward foil. A GoPro
Hero3 camera and its supporting bar are attached to the
base of the mast of the forward foil. The camera fol-
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lows the motion of the mast by rotating with it. Stripes
are superposed on the foil snapshots at 30, 60, 80, and
100 % of the span. Their intersection with the leading
and trailing edge are marked by lines. Along the stripes,
the foil is equipped with so-called telltales located at 15
and 85 % of the chord. This setup allows us to accurately
measure the time-dependent twist angle at the locations
along the mast where the stripes are placed. Due to the
relatively short focal length of the camera there is some
distortion that is present in the image making direct post-
processing of the twist angle inaccurate. This inaccuracy
is overcome with a simple calibration procedure using
snapshots of the foil twisted by a prescribed set of angles
at each axial cross-section. With this calibration proce-
dure in place, we are able to measure twist angle with 1◦
precision.
The different instruments employed in the measurements
are connected to a inboard PC. Synchronization of the het-
erogeneous data is done in postprocessing. The load sensors
are calibrated to a precision error of < 1 %. Because the
tests are done in seawater, appropriate measures are taken to
protect the sensors from water damage.
2.3 Dynamic load measurements
The experimental tests presented in this section are done
using a set of constant kayak speeds denoted by v∞. The
driver adapts a stroke frequency (or cadence) and the pedal
load for different targeted kayak speeds. The following cases
are tested corresponding to different cruising conditions:
– v∞ = 1.44 m/s: Low-speed cruising,
– v∞ = 1.75 m/s: Medium-speed cruising,
– v∞ = 2.11 m/s: High-speed cruising,
– v∞ = 2.52 m/s: Competitive racing.
The driver keeps a steady speed for 60 s while the mea-
surement data is recorded. Figure 5 shows the time history of
the applied force perpendicular to the pedal axis at different
kayak speeds. Angular position of the pedal is periodic in
time and may be closely approximated by a sine function,
the fact which we employ in the computation presented later
in the paper. Time history of the pedal force exhibits a steep
ramp-up followed by a smoother decay. Note that the driver
always applies a positive force on the pedal (i.e., the force
vector does not change direction). Figure 6 shows the time
series of the moments Mx and Mz acting on the foil at differ-
ent kayak speeds. Some asymmetry is observed between the
positive and negative peaks of Mx for the low-speed cruising
case, which is consistent with the driver reporting some dif-
ficulties in maintaining this low constant kayak speed. The
asymmetry in Mx disappears at higher cruising speeds, which
Fig. 5 Times series of the applied pedal force for different kayak
speeds
Fig. 6 Times series of Mx and Mz for different kayak speeds
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Table 1 Stroke frequency f , efficiency η, and Mz/Mx , the ratio of
the maximum moment corresponding to the propulsive force to that
corresponding to the foil side force not contributing to thrust
v∞ (m/s) 1.44 1.75 2.11 2.52
f (Hz) 0.517 0.624 0.750 0.855
η 0.290 0.381 0.458 0.592
Mz/Mx 0.188 0.231 0.335 0.374
The results are summarized for different kayak speeds v∞
were simpler to maintain in the tests performed. The peaks of
Mx and Mz are coincident, meaning the trust force is maxi-
mum when the foil side load is maximum, both corresponding
to the configuration where the foil is orthogonal to the water
surface.
2.4 Efficiency of the propulsion system
We define the propulsion system efficiency η as the ratio
η = P¯out
2 P¯in
, (1)
where P¯out and P¯in are the average power out and in, respec-
tively. Here P¯out is defined as power required to overcome
the boat drag, that is,
P¯out = v∞ F¯d , (2)
where F¯d is the average boat drag force measured and
reported in [46]. The average power P¯in is defined as that
exerted by the driver pushing on the pedal, and may be
expressed as
P¯in = 1T
∫
T
Fpl θ˙ dT, (3)
where Fp is the time history of the pedal force shown in Fig. 5,
l is the moment arm (distance from the load sensor to the
pedal axis), and θ˙ is the time-dependent angular velocity of
the pedal. The factor two in the denominator Eq. (1) is due
to the fact that there are two pedals.
Table 1 summarizes the boat speed, stroke frequency, and
efficiency for the four boat speeds considered.
Efficiency η is also plotted as a function of boat speed and
stroke frequency in Fig. 7. The measurement data suggest that
the efficiency is nearly a linear function of the boat speed and
stroke frequency in the range of boat speeds and stroke fre-
quencies considered. This linear increase in efficiency with
boat speed (and stroke frequency) is likely an intrinsic prop-
erty of foil-based propulsion systems. Table 1 also provides
the ratio Mz/Mx , which is the ratio of the maximum moment
corresponding to the propulsive force to that corresponding to
the foil side force not contributing to thrust. The ratio grows
as a function of speed suggesting larger and larger fraction
Fig. 7 Efficiency of the propulsion system as a function of boat speed
and stroke frequency. Efficiency is nearly a linear function of the boat
speed and stroke frequency within the range of parameters considered
of the total effort goes into propelling the kayak forward as
the boat speed is increased.
The propulsion system efficiency may be further increased
by improving foil geometry and material composition. As
a result, besides accurate experimental measurements, it is
desirable to develop advanced FSI modeling and simulation
methods for such propulsion systems, which is the focus of
the following section.
3 FSI simulation of the Mirage Drive
In this section we briefly recall the FSI methods employed
in this work. We then develop and validate the foil struc-
tural model. We conclude the section by presenting the FSI
simulation for one of the kayak speeds reported in the tests
above, and show comparison between the experimental and
computational results.
3.1 FSI modeling framework and methods
To perform the foil simulation, the FSI framework developed
in [7] is employed. At the continuum level, the hydrody-
namics of the foil is governed by the Navier–Stokes equa-
tions of incompressible flows posed on a moving spatial
domain, and written in the Arbitrary Lagrangian–Eulerian
(ALE) frame [30]. The governing equations of structural
mechanics are written in the Lagrangian frame [18], and con-
sist of the local balance of linear momentum. At the fluid-
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structure interface, compatibility of the kinematics and trac-
tions is enforced, namely,
u − dy
dt
= 0, (4)
σ 1n1 + σ 2n2 = 0, (5)
where u is the fluid velocity, dydt is the structural displacement
rate, σ 1 and σ 2 are the fluid and structure Cauchy stress,
respectively, and n1 and n2 are the unit outward normal vec-
tors to the fluid and structural mechanics domain, respec-
tively, at their interface.
At the discrete level, the fluid mechanics equations are
approximated using the FEM-based ALE–VMS approach
[8,54] augmented with weakly enforced boundary condi-
tions [11,14,15]. The former acts as a Large-Eddy Sim-
ulation (LES) turbulence model, while the latter relaxes
the mesh size requirements in the boundary layer with-
out the loss solution accuracy. ALE–VMS was success-
fully employed for FSI simulations of wind turbines in
[4,6,7,13,24–26,28,37,38]. The structural mechanics mod-
eling is based on a combination of isogeometric rotation-
free Kirchhoff–Love shells [34,35] and bending-stabilized
cables [47], discretized using Non-Uniform Rational B-
Splines (NURBS) [21,29]. This approach gives a good com-
bination of structural-mechanics accuracy due to the higher-
order and higher-continuity representation of the geometry
and solution, and efficiency due to the lack of rotational
degrees of freedom in the formulation. The FSI modeling
employed here makes use of a non-matching discretization
of the interface between the fluid and structure subdomains.
Nonmatching discretizations require interpolation or projec-
tion of kinematic and traction data between the nonmatching
surface meshes [7,17,54,56,62,66,68,81,84,86–89], which
is what we do here.
Having good boundary-layer mesh resolution is critical for
hydrodynamics accuracy in the present application, which
motivates the use of a moving-mesh technique as opposed
to its fixed-grid counterpart. To accommodate the large foil
displacements and maintain good mesh quality, the mesh
moving is accomplished using a combination of rigid-body
motion and elastostatics techniques. The latter is combined
with Jacobian-based stiffening, which protects boundary-
layer elements from excessive distortion [32,51,78–81].
The generalized-α technique [3,19,31] is used to advance
the FSI equations in time. The full discretization of the FSI
formulation described above leads to three coupled, nonlin-
ear equations systems, which correspond to the fluid, struc-
ture, and mesh parts of the problem, and which need to be
solved at every time step. The added mass effect is signifi-
cant in this problem, necessitating the use of a quasi-direct
coupling technique [81–83,85].
Fig. 8 Left Geometry and dimensions of the foil (in mm). Right Chord-
wise bending stiffness distribution
Table 2 Material properties of the foil
Material Black Grey
Young’s modulus (MPa) 27.58 12.24
Poisson’s ratio 0.47 0.47
Density (kg/m3) 1200 1200
For more details about the various constituents of the FSI
formulation employed here, as well as similar methods and
techniques, the reader is referred to [17].
3.2 Structural modeling and validation
Figure 8 shows the geometry and dimensions of the foil
used in the Mirage Drive propulsion system. The structure
has a symmetric hydrofoil shape. Nearly 10,000 quadratic
NURBS elements are employed in the model. The model is
comprised of two material zones, referred to as “Black” and
“Grey” material, as shown on Fig. 8. Each zone is made of
an isotropic St. Venant–Kirchhoff material with properties
summarized in Table 2. The “zigzag” pattern of the material
is designed such that the foil has the desired flexibility and
stiffness. The chordwise bending stiffness distribution on the
foil surface is presented in Fig. 8, where the zigzag pattern
is clearly visible.
To validate the structural model (i.e., to ensure that the
geometry and material distribution are correctly assigned)
we perform the “sag test” of the foil. The setup is presented
in Fig. 9. The foil is clamped in close proximity of the root,
and subjected to gravitational force due to its weight. For
the purposes of the test, the main shaft is removed from the
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Fig. 9 Left Sag test setup. Right Deformed shape
Table 3 The “sag test”: Comparison of the structural mechanics com-
putation with the lab test results
Computation Lab test
Mass (kg) 0.258 0.260
Max deflection (mm) 90.2 87.6
Twist angle (◦) 11.0 12.0
structure. The test results are summarized in Table 3. The
maximum deflection, twist angle at the tip, and total mass of
the foil are compared to the test data and show good agree-
ment. The deformed shape of the foil under gravity is shown
in Fig. 9, where the tip deflection and twist are clearly visible.
3.3 FSI problem setup
The computation presented in this section is performed using
a single oscillating foil. The two-foil case may be computed
with the aid of techniques such as the sliding-interface for-
mulation [12,26,28], or using occasional remeshing in the
region between the foils (see, e.g., [53,57,58,75]).
The problem domain is as follows. The outer cylindrical
fluid mechanics domain has the radius of 0.96 m and length
of 2 m. The foil is placed inside the cylindrical domain as
shown in Fig. 10. A uniform inflow velocity of 2.11 m/s
corresponding to the high-speed cruising case is set on the
inlet plane. On the cylinder lateral surface zero streamwise
traction is applied, while the remaining velocity components
are set to zero. Finally, at the outflow, zero traction (or “do
nothing”) boundary conditions are set.
The fluid mechanics mesh uses linear elements, and has
triangular prisms in the foil boundary layer and tetrahedra
elsewhere in the domain. The boundary-layer mesh is con-
structed using ten layers of elements, with the size of the
first element in the wall-normal direction of 0.0002 m and a
growth ratio of 1.2. An inner refinement box is build around
the foil in order to better capture the turbulent wake. The
fluid mechanics mesh statistics are summarized in Tables 4
and 5. A slice of the fluid mechanics mesh and triangular-
prism discretization of the foil boundary layer are shown in
Fig. 11.
Fig. 10 a Initial configuration of the foil; b FSI problem domain and
setup
Table 4 Mesh sizes (in m) employed in the fluid mechanics domain.
Here, “Surface” gives the element in-plane dimension on the foil sur-
face, “Layer” gives the size of the first boundary-layer element in the
direction normal to the foil surface, “Inner” gives the mesh size on the
surfaces of the inner box used for mesh refinement near the foil, and
“Outer” gives the mesh size on the outer cylindrical boundary
Surface Layer Inner Outer
0.003 0.0002 0.015 0.1
Table 5 Number of nodes and elements in the fluid mechanics mesh
Nodes Elements
485,317 2,275,660
To drive the foil, the following time-dependent kinematic
boundary conditions are applied to the leading-edge control
points of the foil NURBS mesh:
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Fig. 11 a Slice of the fluid mechanics mesh showing the outer cylinder,
inner box, and foil surface. b Triangular-prism discretization of the foil
boundary layer
θ = Aπ
2
sin
(
2π t
T
)
, (6)
y = (R(θ) − I)(X − X0), (7)
where R(θ) is the rotation matrix, X denotes the position of
the foil leading-edge control points, and X0 is the center of
rotation. In Eq. (6), Aπ2 and T give the maximum rotation
angle and period of the oscillation (inverse of the stroke fre-
quency), respectively. In the simulation, we set A = 1.092
and T = 1.154 s, which are consistent with the high-speed
cruising setup. Application of the rigid-body motion models
the effect of the steel shaft driving the foil at the leading edge.
The top corner of the trailing edge is attached to the rota-
tion axis using a single NURBS cable element (see Fig. 10).
This models the actual connection between the trailing edge
and rotation axis, intentionally designed to allow the foil to
develop higher twisting angles. The cable is slightly loosened
to allow mild trailing-edge-top-corner displacement, which,
in turn, leads to higher overall foil twist.
The fluid mesh on the foil leading edge and the outer cylin-
der boundary follows the rigid-body motion given by Eqs. (6)
and (7). The fluid mesh on the remainder of foil surface fol-
lows the motion of the elastic foil structure. Elsewhere in the
domain the mesh displacement is governed by the equations
of elastostatics with Jacobian-based stiffening.
The computation is carried out in a parallel computing
environment. The mesh is partitioned into subdomains using
Fig. 12 Time history of Mx . Computational and experimental data are
plotted for comparison
Fig. 13 Time history of Mz . Computational and experimental data are
plotted for comparison
METIS [33], and each subdomain is assigned to a compute
core. The parallel implementation of the methodology may
be found in [24]. The time step is set to 1.0 × 10−4 s.
3.4 FSI simulation results
Starting with the foil in the underformed configuration, we
compute for two stroke cycles. We extract time histories of
Mx and Mz from the second cycle and plot them in Figs. 12
and 13, respectively. The maximum predicted Mx is about
41 Nm, while the maximum predicted Mz is about 13 Nm.
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Table 6 Comparison of drag and twist angle between the experimental
measurements and FSI computation
Computation Experiment
Drag (N) 25.53 25.66
Sec. 1 Max. Angle (◦) 23.30 22.00
Sec. 2 Max. Angle (◦) 29.93 29.00
Sec. 3 Max. Angle (◦) 37.32 40.00
Sec. 4 Max. Angle (◦) 37.56 40.00
Fig. 14 Time history of the foil twist angle at four cross-sections
denoted by Sections 1–4
The experimentally measured data is also plotted in the fig-
ures for comparison, and the agreement with the computa-
tional results is very good. The averaged drag in the FSI
computation is reported in Table 6 and compared with the
value given in [46]. The two drag values are very close. These
results suggest that the structural response of the foil to hydro-
dynamic loads, including its twisting motion, is captured very
well in the FSI computation. Time history of the twisting
angle at Sections 1–4 on the foil are plotted in Fig. 14. As
expected, the cross-sections that are further away from the
rotation axis twist more. Table 6 summarizes the maximum
twist angle for each section predicted by the FSI compu-
tation and measured in the experiment. The two data sets
match very well, which is further confirmation that the foil
twisting action is accurately captured in the FSI simulation.
Figure 15 shows the predicted foil configuration at θ = 90◦
and θ = 0◦ in a side-by-side comparison with the under-
water photographs of the foil at the same angular-position
instances. This visual comparison reveals very similar defor-
mation patterns between the experimental data and FSI pre-
dictions.
Figure 16 shows vorticity isosurfaces colored by flow
speed close to the foil surface at two instances during the
Fig. 15 Foil configuration at θ = 90◦ (left) and θ = 0◦ (right). Com-
parison between the underwater photographs (top) and FSI results (bot-
tom) at the same angular-positions shows good agreement
stroke cycle. The figure illustrates the complexity of the
underlying wall-bounded turbulent flow phenomena, and
underscores the necessity to use advanced FSI modeling and
simulation for this problem class.
4 Conclusions
In this paper, we described an original experimental set up
developed to study the Mirage Drive propulsion system based
on two oscillating foils in a tandem configuration. Measure-
ments of the foil hydrodynamic moment and twisting defor-
mation are performed for different kayak speeds. The study of
thrust performance shows a linear increase of the propulsive
efficiency with the boat speed and stroke frequency within
the range of the parameters examined. The details of the foil
deformation during operation were captured using an under-
water camera and a twist-angle calibration system.
FSI simulation of a singe foil was conducted wherein a
NURBS-based isogeometric shell model of the foil structure
was built and validated through a sag test. A quasi-direct
FSI coupling strategy is employed to address the challenges
associated with the large added mass present in the coupled
system. Excellent agreement in the thrust force, hydrody-
namic moment, and foil twist angle is achieved between the
experimental measurements and the FSI computation.
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Fig. 16 Vorticity isosurfaces colored by flow speed at two instants
during the stroke cycle
Further gains in propulsive efficiency may be obtained
by improving the geometric and structural design of the
foils. The 3D FSI technique described is able to capture the
essential mechanics of the propulsion system, and may be
employed in the foil design process in the future.
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